A whole body physiologically based pharmacokinetic (PBPK) model was applied to investigate absorption, distribution, and physiologic variations on pharmacokinetics of imatinib in human body. Previously published pharmacokinetic data of the drug after intravenous (i.v.) infusion and oral administration were simulated by the PBPK model. Oral dose absorption kinetics were analyzed by adopting a compartmental absorption and transit model in gut section. Tissue/plasma partition coefficients of drug after i.v. infusion were also used for oral administration. Sensitivity analysis of the PBPK model was carried out by taking parameters that were commonly subject to variation in human. Drug concentration in adipose tissue was found to be higher than those in other tissues, suggesting that adipose tissue plays a role as a storage tissue for the drug. Variations of metabolism in liver, body weight, and blood/plasma partition coefficient were found to be important factors affecting the plasma concentration profile of drug in human body.
Introduction
Imatinib (Glivec) is a tyrosin kinase inhibitor regulating signal transduction and is approved for the treatment of chronic myeloid leukemia (CML) and gastrointestinal stromal tumor. 1 The molecular formula of imatinib is C 29 H 31 N 7 O and its molecular weight is 493.6 ( Fig. 1) . The mean fraction of imatinib in plasma was found to be 70% in healthy humans and up to 92% in acute lymphatic leukemia (AML) patients. 2 The drug highly binds to human plasma proteins, mainly albumin and α 1 -acid glycoprotein (AGP).
1
The unbound fraction of imatinib in plasma of healthy humans and AML patients was in a range of 2.3-6.5% at concentration ≤ 5000 ng mL
2 Imatinib is a substrate of Pglycoprotein (P-gp) and cytochrome P 450 3A4 (CYP3A4). 3 The pharmacokinetics of imatinib was extensively investigated in healthy humans and CML patients. Plasma concentrations of orally administered imatinib as capsule or oral solution, compared with intravenous infusion, were measured in healthy humans. 4 In another study, bioequivalence, safety, and tolerability of imatinib tablets compared with capsules were investigated in healthy humans. 5 Those studies reported the intersubject variability of imatinib pharmacokinetics and attributed this variation to the differences in binding of imatinib to plasma proteins or to various physiological properties of CYP3A4. However, the cause of intersubject variation was not clear.
In the human small intestine, CYP3A4 is localized to the columnar epithelial cells lining the intestinal lumen and P-gp is found on the apical surface of these cells. It has been reported that CYP3A4 and P-gp may act synergistically in the small intestine to limit oral drug bioavailability.
3 Imatinib is also metabolized in the liver, mainly by CYP3A4 and CYP3A5 isoenzyme system. Variations of physiologic factors such as CYP isoenzyme activities in the liver, CYP3A4 and P-gp activities in the small intestine, mean fraction of imatinib in plasma, plasma protein bindings, and body weight can be responsible for the intersubject variation of imatinib pharmacokinetics. A whole body physiologically based pharmacokinetic (PBPK) model gives a mechanistic basis to analyze the effects of various physiologic factors on imatinib pharmacokinetics. A whole body PBPK model has an advantage of providing realistic description of human but it needs a lot of input parameters. Some parameter values may not be obtained due to the paucity of experimental data. Hence, whenever distinct kinetic data are available, PBPK models can be used to estimate kinetic constants. Sensitivity analysis can be used as an aid in identifying the important uncertainties in the model and has been applied in various fields including complex engineering systems, social sciences, medical decision making, and others. 6 Therefore, sensitivity analysis of the whole body PBPK model can be used to identify the important physiologic factors.
The purposes of this study are to construct the whole body PBPK model to determine absorption and distribution of imatinib by simulating published data with optimized pharmacokinetic constants and partially by using an existing compartmental absorption and transit (CAT) model structure for gastrointestinal track (GI) and to identify important physiologic factors affecting imatinib pharmacokinetics by sensitivity analysis of the whole body PBPK model.
Experimental Methods
Construction of the Whole Body PBPK Model. The whole body PBPK model included the following organs and tissues as its compartments: lung, adipose, bone, brain, heart, kidney, muscle, spleen, GI, liver, skin, and arterial and venous blood (Fig. 2) . Mass transfer of drug between blood and other minor tissues such as bronchial tissue, thyroid, lymph nodes, and gonads was considered negligible. So mass carried by total arterial blood flow through these minor tissues was directly added to venous blood compartment. Imatinib is a highly soluble and highly permeable drug. Hence, the following assumptions were held to be true: its mass transfer between blood and tissues was considered as blood flow was limited; equilibrium partitioning of drug occurred between arterial blood and tissue; drug distribution in tissue was homogenous. The following description of the mathematical equations used in the model reveals all other assumptions embedded in the overall model.
The symbols used in the equations refer to blood flow (Q), concentration (C), mass (M), volume (V), tissue:plasma partition coefficient of drug (P t:p ), blood:plasma ratio of drug (B:P), and derivative with respect to time operator (d/dt). The subscripts refer to tissue (t), hepatic/liver (h), GI (g), spleen (sl), lung (l), cardiac output (c), arterial blood (ab), mixed venous blood (vb), venous blood leaving tissue (vbt), and mixed venous plasma (vp).
Imatinib and its metabolites are not significantly excreted by the kidneys.
1 So except the liver, lung, GI, and blood compartments, the mass balance equations for all tissues are as follows.
The following equation is the expression for the drug concentration in venous blood leaving tissue and is same for all tissues.
Imatinib is usually an orally administered drug. Oral dose is introduced in the stomach and absorbed in the portal vein blood as drug goes through the GI. A study had developed a compartmental absorption and transit (CAT) model to account the absorption process. 7 In that model, metabolism and efflux of imatinib in GI by CYP3A4 and P-gp were modeled using Michaelis-Menten type kinetics. Mass balance equation for the GI is as follows.
where M epi is the drug mass in the epithelial cells of GI and k abs is the absorption rate constant.
Mass balance equation in the liver is:
where V max , h is the maximum velocity of flux in the liver, K m,h is the Michaelis-Menten constant which is the concentration at which half-maximal velocity of flux in the liver, Q bile is the bile flow rate, and Q h represent the total arterial blood flow through the liver, gut, and spleen. For the lung, the mass balance equation is:
Arterial blood compartment mass balance equation is:
Mass balance equation for venous blood compartment is:
where Q others is total blood flow rate through all minor tissues. So the plasma concentration of drug is: The whole body PBPK model was also easily modified to simulate i.v. infusion data, which was necessary for parameter optimization as described in 'Model Parameters' section. The modifications were followings: k abs value was set to zero and constant infusion rate over certain time was added in venous blood compartment; instead of using V max,h and K m,h , the liver extraction ratio E h, which is the fraction of metabolized drug mass in the liver, was used as it can be obtained from plasma clearance of imatinib.
Model Parameters. Plasma concentrations of i.v. infusion were measured from one human subject group of which average body weight was 73.3 kg. 4 Plasma concentrations of tablet form oral dosing were measured from another human subject group of which average body weight was 75.52 kg.
5
Cardiac output (Q c ) was calculated by using allometric scaling law as follows,
where B w is the body weight. Blood flows through tissues are given as percentages of the cardiac output in Table 1 . Tissue volumes and composition were obtained from a study which estimated these values from literatures 9 and were also shown in Table 1 . Arterial and venous blood volumes were taken as 25.71 mL/kg and 51.43 mL/kg of body weight.
10
B:P value was taken equal to 100/70 or 1.43. P t:p s for non adipose tissues were calculated from n-octanol/water partition coefficient (P o:w ) according to previously published mechanistic equation.
11 P t:p for adipose tissue could be calculated from vegetable oil/water partition coefficient (D * vo:w ) for ionizable chemical using another mechanistic equation. 12 In absence of experimental value of D * vo:w , P t:p for adipose tissue was derived by fitting model output with the experimentally measured plasma concentrations for i.v. infusion at constant rate. E h was calculated from the reported drug plasma clearance (CL plasma ) in the case of i.v. infusion according to following equation, where LBF is liver blood flow.
All the parameter values used in the CAT model adopted in GI was taken from previously reported study.
7
Simulation Software and Sensitivity Analysis Tool. The model was constructed and simulated using Jacobian Modeling Language release 1.00 (Numerica Technology, Inc). Parameter optimization procedure by minimizing weighted least square or maximum likelihood objective function can be incorporated in the modeling language. In this study, maximum likelihood objective function was minimized for parameter optimization. It also contains functions to carry out automatic differentiation for sensitivity analysis. Partial derivatives of the variables with respect to model parameters are measures of local sensitivity. Absolute time integral of the local sensitivity trajectory at one value of a parameter can be calculated. So for several values of a parameter chosen randomly from that parameter space, summation of those local sensitivities gives global sensitivity of the parameter. Global sensitivities of all parameters can be averaged and relative global sensitivity, which is the ratio of global sensitivity of a parameter to the average global sensitivity, can be used for choosing important parameters.
Results and Discussions
Experimental value for D * vo:w to use as an input parameter in the mechanistic equation to calculate P t:p of adipose tissue was not reported yet. So P t:p of adipose tissue was optimized by fitting model output with the experimentally measured plasma concentrations for 100 mg i.v. dose of imatinib infused at constant rate over one hour. The optimized P t:p value was determined to be 22.0867 and it was in the reported range of adipose tissue P t:p values for high lipophilic drug that is from ~0.05 to 130.
12 Imatinib has limited penetration across blood-brain barrier and the concentration of imatinib in the cerebrospinal fluid of a patient was found to be 100-fold lower than that in plasma. 1 Using the brain P t:p value obtained from the mechanistic equation, imatinib concentrations in brain were found much higher than those in plasma. Therefore the brain P t:p value was first roughly calculated by assuming that the ratio of drug concentration between venous blood emerging from brain and brain tissue was to be 100 and by dividing B:P by 100. Then, that resulting value (0.0143) was adjusted to 0.01 to make brain concentration 100 times lower than plasma concentration. Final concentration profile of imatinib in plasma from the model compared with experimental data and the concentration profile in brain are shown in Figure 3 and Figure 4 respectively. The concentration profiles in other organs and tissues are shown in Figure 5 .
The optimized P t:p values of adipose tissue and brain in i.v. infusion simulation and the P t:p values of other tissues calculated from the mechanistic equation were used in oral administration simulation. The absorption rate constant value of 0.001902 s −1 reported in the previous CAT model study for imatinib did not fit the simulation data with experimental data of plasma concentration well. So, along Michaelis-Menten constant for liver metabolism, the absorption rate constant was also estimated by fitting simulation output with experimental plasma concentration data. The values of V max,h , K m,h , and k abs were obtained as 0.002234 mg/s, 0.000373 mg/mL, and 0.000167 s −1 respectively. Drug concentration profiles in plasma compared with experimental data and those in brain are shown in Figure 6 and Figure 7 respectively. Concentration profiles in other organs and tissues are shown in Figure 8 .
After obtaining all parameter values, sensitivity analysis of the whole body PBPK model for oral administration was carried out to find out important physiologic factors which affect plasma concentrations profile. Sensitivity of plasma concentration was analyzed with respect to several physiologic factors including body weight (B W ), unbound fraction of drug in plasma ( fu p ), B:P, activity of P-gp in GI (V eff max ), activity of CYP3A4 in GI (V met max ), absorption rate constant (k abs ), and activity of CYP3A4 in liver (V max,h ). For the random selection of the factor values, probable value ranges were defined using lower and upper limits of each factor value. Lower and upper limits of body weight were 60 kg and 80 kg respectively. Lower and upper limits of fu p and B:P were set according to their variation in healthy humans and patients. Lower and upper limits of V and this range was used for the factor value. Relative global sensitivity of the physiologic factors is shown in Figure 9 . In this study, the drug concentration in adipose tissue was found to be much higher than those in other tissues after both i.v. infusion (Fig. 5 ) and oral administration (Fig. 8) . Adipose tissue acts as a storage tissue for the drug imatinib. The terminal elimination half-life of imatinib in plasma ranges from 10 hours to 18.9 hours.
1 High concentration of imatinib in adipose tissue can explain the quite long half-life of imatinib.
Relative global sensitivities of B W , B:P, and V max,h were found to be greater than 1 (Fig. 9 ). So these factors will have important effects on plasma concentration profile which is the disposition of imatinib in human body. Body weight was used to calculate tissue volumes from their fractions of body weight and cardiac output by allometric equation. Hence, good sensitivity of plasma concentration profile on body weight variation was natural outcome. Variation in unbound drug fraction in plasma or drug binding plasma proteins did not have much influence on plasma concentration profile in this study. Contrastingly it has been reported that imatinib resistance might be due to drug binding plasma proteins, mainly AGP. 1 Actually, some in vivo and in vitro studies reported the possible imatinib resistance due to its binding proteins but others didn't find any correlation between imatinib resistance and its binding proteins. In addition, plasma concentration profile was found to be sensitive on B:P, the blood/plasma partition coefficient.
Variation in activities of P-gp and CYP3A4 in GI exhibited negligible sensitivity on plasma concentration profile, though CYP3A4 had large influence over plasma concentration compared to P-gp. Passive permeability of the highly soluble and highly permeable drug imatinib overrules the effect of P-gp mediated efflux of drug in GI lumen.
13
Although CYP3A4 activity in GI was varied up to ten times of the nominal value, it had a minimal effect on the pharmacokinetics demonstrating its negligible contribution in the first pass metabolism of the drug. Absorption rate constant variation among humans also does not have much sensitivity on plasma concentration profile. Variation in liver metabolism activity has the highest relative global sensitivity, of which value is much higher than those of other factors. Supported by this finding and the fact that variation of CYP isoenzyme activity in liver among individuals is large, it is concluded that liver metabolism has the most profound effect on plasma concentration profile and is the main factor responsible for intersubject variability of imatinib pharmacokinetics.
Conclusion
The analysis of whole body PBPK model of imatinib elucidated that the drug concentration in adipose tissue was much higher than those in other tissues, suggesting that adipose tissue acts as a storage tissue for the drug. Body weight and blood/plasma partition coefficient are important physiological factors affecting the plasma concentration profile and the metabolic activity of liver is the most important key factor determining the disposition of imatinib in human body
